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Abstract  11 
On two extensive sheep farms in southern Western Australia, 111 (Farm A) and 124 (Farm  12 
B) female crossbred lambs (2  – 6 weeks old) were randomly selected and individually  13 
identified using ear tags (a numbered tag and radio-frequency tag) at marking. On five  14 
separate occasions, faecal samples were collected and live weight, body condition score  15 
(BCS), faecal consistency score (FCS), breech fleece faecal soiling score and faecal dry  16 
matter percentage (DM%) were recorded. Lamb hot carcase weight (HCW) and dressing  17 
percentage  were  measured  at  slaughter.  Faecal  samples  were  screened  by  PCR  for  18 
Cryptosporidium (18S rRNA, actin and 60kDa glycoprotein [gp60] loci), Giardia duodenalis  19 
(glutamate dehydrogenase [gdh] and triosephosphate isomerise [tpi]) and Campylobacter  20 
jejuni (16S rRNA). Observation of Eimeria oocysts and faecal worm egg counts (WECs)  21 
were performed using a modified McMaster technique. The WECs were adjusted for FCS  22 
for analyses. Faecal samples were screened for patent strongylid infections using PCR  23 
(specifically ITS-2 nuclear ribosomal DNA for Teladorsagia circumcincta, Trichostrongylus  24 
spp. and Haemonchus contortus). Lambs positive for Cryptosporidium at least once had  25 
lighter  HCWs  by  1.25kg  (6.6%)  (P=0.029)  and  1.46kg  (9.7%)  (P<0.001)  compared  to  26 
lambs  never  positive  for  Cryptosporidium  for  Farm  A  and  B,  respectively.  Similarly,  27 
dressing percentages were 1.7% (P=0.022) and 1.9% (P<0.001) lower in Cryptosporidium- 28 
positive lambs on Farm A and B, respectively. Lambs positive for Giardia at least once had  29 
0.69kg  (P<0.001)  lighter  HCWs  and  1.7%  (P<0.001)  lower  dressing  percentages  30 
compared to lambs never positive for Giardia on Farm B only. Cryptosporidium-positive  31 
lambs at the second sampling were 4.72 (P=0.010) and 3.84 (P=0.002) times more likely  32 
to have non-pelleted faeces compared to Cryptosporidium-negative lambs for Farm A and  33 
B respectively. Breech fleece faecal soiling scores of Cryptosporidium-positive lambs were  34 
3.36 (P=0.026) and 2.96 (P=0.047) times more likely to be moderate to severe (scores 3 –  35 
5), compared to negative lambs at the second sampling for Farm A and B respectively.  36 Page 3 of 38 
 
Live weight, growth rate and BCS were inconsistently associated with protozoa detection  37 
across different samplings and farms. Adjusted WEC was correlated positively with FCS  38 
and  negatively  with  faecal  DM%,  differing  between  sampling  occasions  and  farms.  39 
Campylobacter jejuni prevalence was very low (<1%). Adjusted WEC were not correlated  40 
with  carcase  attributes,  growth  rates  or  live  weights.  This  study  is  the  first  to  quantify  41 
productivity  consequences  of  naturally  acquired  protozoa  infections  in  lambs  managed  42 
under extensive farming conditions.  43 
Keywords:  sheep;  Cryptosporidium;  Giardia;  production;  carcase  weight;  faecal  44 
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1. Introduction  46 
Increased interest in the intestinal protozoa parasites Cryptosporidium and Giardia  47 
in ruminant livestock enterprises has mainly arisen because of the potential public health  48 
risks posed by these parasites and to a lesser extent their veterinary importance. Recent  49 
advances  in  molecular  epidemiology  studies  have  provided  detailed  insight  into  the  50 
presence  of  the  different  protozoa  species/genotypes  within  lamb  and  sheep  flocks  51 
worldwide (Ozdal et al., 2009; Yang et al., 2009; Robertson et al., 2010; Wang et al., 2010;  52 
Sweeny et al., 2011c).   53 
Infections with Cryptosporidium and Giardia are most commonly reported in lambs  54 
less than 2 months of age (O'Handley and Olson, 2006; Giadinis et al., 2007; Santín et al.,  55 
2007; Yang et al., 2009), with some infections found in lambs which are only 14 days old  56 
(Castro-Hermida et al., 2001; Giadinis et al., 2007). Infections may persist for up to 16  57 
weeks, with some animals failing to clear an initial infection or that were repeatedly re- 58 
infected from their environment or other animals (Taylor et al., 1993; Xiao, 1994; Olson et  59 
al.,  1995;  Sweeny  et  al.,  2011c).  Infections  with  Giardia  have  been  associated  with  60 
reduced  feed  conversion  efficiency  and  reduced  carcase  weight  in  surgically  infected,  61 
barn-raised  lambs  (Olson  et  al.,  1995)  and  infection  with  Cryptosporidium  has  been  62 
associated  with  reduced  feed  intake  in  cattle  (Ralston  et  al.,  2003),  but  there  is  little  63 
information on the productivity consequences for lambs with naturally acquired protozoan  64 
infections.   65 
 The  most  common  clinical  sign  reported  in  sheep  infected  with  Giardia  and  66 
Cryptosporidium is diarrhoea (Olson et al., 1997; Causapé et al., 2002; Aloisio et al., 2006;  67 
Giadinis et al., 2007; Wilkes et al., 2009). However, there are a wide number of causes of  68 
diarrhoea  in  sheep.  Strongylid  nematodes  have  been  identified  as  the  major  cause  of  69 
diarrhoea and reduced productivity (including live weight and growth rate) in lambs grazed  70 Page 5 of 38 
 
on pastures in extensive farming systems worldwide (Datta et al., 1999; van Wyk et al.,  71 
2006; Broughan and Wall, 2007; Sutherland et al., 2010). Other pathogens that have been  72 
linked with diarrhoea include Eimeria, viruses and bacteria including Campylobacter spp.,  73 
Yersinia spp. and Salmonella spp. (Glastonbury, 1990; Wray et al., 1991; Skirrow, 1994;  74 
Belloy et al., 2009; Garcia et al., 2010).  75 
Diarrhoea  is  a  major  risk  factor  associated  with  the  accumulation  of  faeces  on  76 
fleece surrounding the breech of lambs or sheep (French and Morgan, 1996; Broughan  77 
and Wall, 2007) and a significant problem for sheep meat industries worldwide, because of  78 
the increased risk of bacterial carcase contamination. This contamination leads to meat  79 
spoilage,  reduced  product  shelf  life,  human  food  poisoning  and  reduced  efficiency  of  80 
carcase processing (Newton et al., 1978; Greer et al., 1983; Hadley et al., 1997). Fleece  81 
faecal  soiling  at  the  breech  of  sheep  is  also  one  of  the  most  significant  factors  82 
predisposing lambs and sheep to cutaneous myiasis (blowfly strike) (Morley et al., 1976;  83 
French et al., 1994; Hall and Wall, 1995). It is also associated with compromised welfare  84 
for infected sheep and increased costs for sheep farmers (McLeod, 1995; Sackett et al.,  85 
2006).  86 
The  aim  of  this  study  was  to  investigate associations  between  Cryptosporidium,  87 
Giardia,  Eimeria,  strongylid  nematodes,  Campylobacter  jejuni  or  mixed  infections  with  88 
productivity in lambs grazing under extensive broad-acre grazing conditions in Western  89 
Australia.   90 
  91 
2. Materials and Methods  92 
2.1 Study sites, animals and production measurements  93 Page 6 of 38 
 
This experiment was approved by the Murdoch University Animal Ethics Committee  94 
(permit  R2236/09).  The  two  farms  were  located in  Pingelly  (Farm  A)  and  Arthur  River  95 
(Farm B) approximately 200 – 250km south-east of Perth, Western Australia in a region  96 
with a Mediterranean environment (hot, dry summers and cool, wet winters)  (Hill et al.,  97 
2004; Moeller et al., 2008). Average annual rainfall for the two properties is between 450 –  98 
500mm and winter stocking rates averaged between 10 – 12 dry sheep equivalents per  99 
hectare (DSE/ha) (McLaren, 1997). No cattle or goats were grazed on either property.   100 
At marking (day 0 of study), 111 female lambs from Farm A and 124 female lambs  101 
from Farm B were randomly selected and identified with a numbered ear tag and a radio- 102 
frequency ear tag at marking. Faeces were collected directly from the rectum of only these  103 
identified female lambs using fresh latex gloves to prevent cross contamination between  104 
faecal samples on five occasions, between the first marking sampling (2 – 6 weeks of age)  105 
and  final  lairage  sampling  (7  –  8  months  of  age).  Lambs  were  yarded  for  weighing,  106 
assessment of breech fleece faecal soiling and faecal sample collection on five sampling  107 
occasions  (Table  1).  Faecal  samples  were  collected  from  lambs  at  the  final  lairage  108 
sampling 12 hours before lambs were slaughtered. A total 107 and 119 lambs from Farm  109 
A and B respectively, were sampled at all five sampling occasions.  110 
All faecal samples were placed in individually labelled, airtight 70ml containers and  111 
transported to the laboratory within 6 hours of collection. Faecal samples were stored at 2  112 
– 4
oC and genomic DNA was extracted from each sample within seven days of collection.  113 
The transport and storage practices utilised in this study were consistent with other similar  114 
studies  that  used  PCR  to  detect  these  parasites  (Yang  et  al.,  2009;  Ng  et  al.,  2010a;  115 
2010b;  Robertson  et  al.,  2010).  Lamb  live  weight  was  recorded  at  all  five  sampling  116 
occasions. Body condition score was recorded at the third, fourth and final samplings by  117 Page 7 of 38 
 
using a scale that ranged from 1 (very thin, emaciated) to 5 (excessively fat) (Sutherland et  118 
al., 2010).   119 
Faecal attributes (FCS and faecal DM%) were measured at all sampling occasions.  120 
Faecal  consistency  score  was  measured  using  a  scale  of  1  (hard,  dry  pellet)  to  5  121 
(liquid/fluid diarrhoea) previously described (Greeff and Karlsson, 1997; Le Jambre et al.,  122 
2007).  Faecal  DM%  was  measured  on  fresh  faeces  that  had  been  stored  in  air  tight  123 
containers  for  approximately  24  hours  using  methods  described  by  the  Association  of  124 
Official  Analytical  Chemists  (AOAC,  1997).  Breech  fleece  faecal  soiling  score  was  125 
recorded at the second, third and fourth samplings (prior to crutching; removal of faecal  126 
soiled fleece from the breech area of lambs). Breech faecal soiling was measured using a  127 
scale of 1 (no evidence of breech fleece faecal soiling) to 5 (very severe breech fleece  128 
faecal soiling extending down the hind legs to, or below the hocks). A graphical illustration  129 
of these breech fleece faecal soiling scores is available in the Australian Wool Industry’s  130 
Visual Sheep Score booklet (Australian Wool Innovation et al., 2007).  131 
Lambs  were  slaughtered  at  commercial  abattoirs.  Standard  hot  carcase  weight  132 
(HCW) was recorded for lambs from Farm A and B. Fat depth at the GR site (110mm from  133 
the midline of the carcase along the lateral surface of the 12
th rib on either side of the  134 
carcase) was measured with a GR knife using methods previously described (Hopkins et  135 
al., 2004) for lambs from Farm B only.   136 
2.2 Anthelmintic Treatment  137 
Lambs were treated with 8mg Abamectin and 4mg selenium (Virbamec Oral Plus  138 
Selenium, Virbac Australia) before weaning, on days 39 and 73 of the study for Farm A  139 
and B respectively (Table 1).   140 
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A total of 1,155 individual lamb rectal faecal samples were collected. Genomic DNA  142 
was  extracted  from  250  –  300mg  of  each  faecal  sample  using  a  Power  Soil  DNA  Kit  143 
(MolBio, West Carlsbad, California, USA) at the State Agricultural Biotechnology Centre  144 
(Murdoch  University,  Western  Australia).  Minor  modifications  to  the  manufacturer’s  145 
protocol were made and are detailed in an earlier study (Sweeny et al., In Press). After  146 
elution, DNA was stored at –20
oC until use. A negative control (no faecal sample) and a  147 
positive control (faecal sample spiked with Cryptosporidium and Giardia (oo)cysts) were  148 
used in each faecal extraction group.   149 
Strongylid  L3  were  collected  from  larval  cultures  of  fresh  sheep  faeces.  Three  150 
species  of  L3  larvae  (Trichostrongylus  colubriformis,  T.  circumcincta  and  Haemonchus  151 
contortus) were indentified and separated into three 1.5ml Eppendorf tubes. DNA tissue  152 
extractions from approximately 200µl of the L3 larvae suspension were performed using  153 
the  DNeasy
®  Blood  and  Tissue  Kit  (Qiagen)  following  the  manufacturer’s  protocol  154 
(Purification of Total DNA from Animal Tissues, Qiagen). Purified DNA was stored at  – 155 
20
oC, until used as positive controls for strongylid worm PCRs. The strongylid PCRs had  156 
additional positive controls, with DNA extracted from faecal samples, in turn collected from  157 
lambs on the Murdoch University irrigated campus farm, known to be infected (identified  158 
by larval culture differentiation) with all three strongylid nematodes (T. circumcincta, T.  159 
colubriformis and H. contortus).  160 
Genomic  DNA  from  Campylobacter  jejuni  was  extracted  from  culture  plates  161 
(supplied by Dr. Niki Buller, Animal Health Laboratories, Western Australia). The QIAamp
®  162 
DNA Stool Mini Kit (Qiagen) was used following the manufacturer’s protocol and according  163 
to da Silva Quetz et al., (2010), except that the final eluate was 100µl of elution buffer for  164 
genomic DNA preparation (AE solution) rather than 200µl. Purified DNA was stored at – 165 
20
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2.4 PCR amplification   167 
All faecal samples and genomic livestock water DNA were screened at the 18S  168 
rRNA locus for Cryptosporidium and positives were genotyped by sequencing. A two-step  169 
nested  PCR  protocol  was  used  to  amplify  the  18S  rRNA  locus  of  Cryptosporidium  170 
previously  described  by  Ryan  et  al.  (2003),  producing  a  product  of  ~540bp.  All  171 
Cryptosporidium positive samples at the 18S rRNA locus were confirmed by another two- 172 
step nested PCR protocol, conducted to amplify a product of ~830bp at the actin gene of  173 
Cryptosporidium,  as  described  by  Ng  et  al.,  (2006). This  verified  as  to  whether  mixed  174 
infections  existed  (i.e.  one  species  amplified  at  the  18S  locus  and  a  different  species  175 
identified at the actin locus). All samples positive for Cryptosporidium mixed infections (C.  176 
xiaoi  and  C.  parvum,  C.  ubiquitum  and  C.  parvum)  were  further  screened  using  a  C.  177 
parvum  specific  qPCR  at  a  unique  Cryptosporidium  specific  protein  coding  locus  178 
previously described by Yang et al. (2009), to confirm if C. parvum was present. A two- 179 
step  nested  PCR  was  used  to  sub-genotype  C.  parvum  positives  at  the  60kDa  180 
glycoprotein  (gp60)  gene,  which  amplified  a  fragment  of  ~832bp  (Strong  et  al.,  2000;  181 
Sulaiman et al., 2005).   182 
All samples were screened for Giardia at the gdh (glutamate dehydrogenase) gene  183 
as  previously  described  by  Read  et  al.,  (2004),  producing  a  product  of  ~480bp.  All  184 
samples  which  tested  positive  for  Giardia  at  the  gdh  gene,  were  also  screened at  the  185 
triosephosphate isomerise (tpi) gene with a two-step nested PCR protocol. The primary  186 
PCR  was  performed  as  described  by  Sulaiman  et  al.,  (2003).  For  the  second  round  187 
reaction, assemblage-specific primers and conditions for assemblage A (product ~332bp)  188 
and E (product ~388bp) were used as previously described (Geurden et al., 2008; 2009).  189 
Each  of  the  positive  samples  at  gdh  gene  were  screened  for  both  G.  duodenalis  190 
assemblage E and assemblage A, to confirm the assemblage detected at the gdh gene  191 Page 10 of 38 
 
and to determine if there were mixed G. duodenalis assemblage infections present (i.e.  192 
samples positive for different assemblages at the two loci).   193 
A  single-step  PCR  was  performed  for  each  sheep  strongylid  worm  species  (T.  194 
circumcincta,  Trichostrongylus  spp.  and  Haemonchus  contortus) using  species  specific  195 
primers which amplify the second internal transcribed spacer (ITS-2) of ribosomal DNA as  196 
previously described Bott et al., (2009). The PCR cycling used was described by Bott et al.  197 
(2009), with PCR reaction mixtures described in an earlier study (Sweeny et al., 2011b).  198 
Contamination controls, along with negative and positive controls were included.   199 
A single step PCR protocol was used to amplify a ~290bp product of the 16S rRNA  200 
locus  of  Campylobacter  jejuni  as  previously  described  Lubeck  et  al.,  (2003).  PCR  201 
reactions were carried out using 1µl of DNA in a 25µl reaction containing 1x PCR buffer,  202 
2mM MgCl2, 0.2mM dNTP, 0.4µM of each primer, 5µg BSA (20mg/ml) and 0.5U/µl of tth+  203 
Taq polymerase (Fisher Biotech). Thermocycling conditions were the same as described  204 
by Lubeck et al. (2003), except with the final extension step at 72˚C seven instead of four  205 
minutes.    206 
2.5 Sequence analysis   207 
Positive Cryptosporidium (18S rRNA, actin and gp60), Giardia (gdh) and C. jejuni  208 
(16S rRNA) PCR products isolated were purified using an UltraClean
TM
 DNA Purification  209 
Kit  (MolBio,  West  Carlsbad,  California,  USA)  and  sequenced  using  an  ABI  Prism
TM
  210 
Terminator Cycle Sequencing Kit (Applied Biosystems, Foster City, California, USA) on an  211 
Applied Biosystem 3730 DNA Analyzer. Sequence searches were conducted using BLAST  212 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi)  and  nucleotide  sequences  were  analysed  using  213 
Chromas  lite  version  2.0  (http://www.technelysium.com.au)  and  aligned  with  reference  214 
genotypes from GenBank using Clustal W (http://www.clustalw.genome.jp).   215 Page 11 of 38 
 
2.6 Faecal worm egg counts   216 
Faecal worm egg counts were performed within 2 days of faecal collection using a  217 
modified  McMaster  technique  (Lyndal-Murphy,  1993). Two  grams  of  faeces  were  used  218 
from each sample and each egg counted represented 50 eggs per gram (epg) of faeces.  219 
Insufficient faecal material was available in some samples collected at the first sampling  220 
and as a result WEC data were missing for some animals at this time point (Table 1).   221 
2.7 Statistical analysis   222 
Statistical analysis was performed using SPSS Statistics 17.0 (Statistical Package  223 
for  the  Social  Sciences)  for  Windows  (SPSS  inc.  Chicago,  USA).  All  analyses  were  224 
performed separately for each farm.   225 
The WECs were adjusted for FCS to estimate WEC that would be expected if the  226 
samples were FCS=1 (consistency of normal faeces) according to the following equation  227 
by Le Jambre et al. (2007):  228 
                                                      
 Adjusted  WEC  data  were  assessed  for  normality  of  data  distribution  and  229 
homogeneity  of  variance.  The  WEC  data  were  transformed  using  Log10(adjusted  230 
WEC+25) to stabilise variances between groups prior to statistical analysis (Dobson et al.,  231 
2009).   232 
Lambs that had WEC≥50 epg were classified as strongylid-positive. Lambs were  233 
classified as negative (never tested positive at any sampling occasion) or positive (tested  234 
positive  on  at  least  one  sampling  occasion)  for  each  of  the  following:  strongylids,  235 
Cryptosporidium, Giardia, Eimeria and C. jejuni. Positive-lambs were sub-categorised as  236 
positive once (positive on one occasion) or repeat positive (infected on more than one  237 
occasion). Lambs were classified according to the number of sampling occasions at which  238 Page 12 of 38 
 
they  tested  positive  for  the  above  pathogens.  Overall  prevalences  were  calculated  for  239 
lambs that were classified as positive for each protozoa genera and strongylid-positive by  240 
using the exact binomial method (Thrusfield, 2007).   241 
Lamb growth rate was expressed between sequential sampling occasions as both  242 
grams  gained/day  (g  gained/day)  and  using  percentage  liveweight  change  between  243 
sampling occasions (% gained/day). For analyses of the relationship between infection  244 
and growth rate (g gained/day and % gained/day), lambs classified as positive or negative  245 
at either sampling occasion were included in the calculation of the growth rate (i.e. positive  246 
at  least  once  at  either  of  the  two  sampling  occasions  or  negative  at  both  sampling  247 
occasions).   248 
 General  linear  model  analyses  were  performed  for  carcase  attributes  (HCW,  249 
dressing percentage  and  GR  fat  depth),  faecal parameters  (FCS,  faecal DM%,  breech  250 
fleece faecal soiling score) or production parameters (live weight, growth rate and BCS) as  251 
dependent  variables.  Positive/negative  parasite/bacteria  classification,  species/genotype  252 
present  and  the  number  of  occasions  when  lambs  tested  positive  for  Cryptosporidium,  253 
Giardia and Eimeria were included as independent variables. Mean transformed adjusted  254 
WEC (across all sampling occasions for the respective farm) was included as a covariate.  255 
Differences in the mean measurements for carcase attributes were analysed only on the  256 
lambs sampled at all five sampling occasions using the least significant differences (LSD)  257 
post-hoc test.   258 
Odds  ratio  risk  analyses  with  Pearson’s  chi  squared  test  for  independence  or  259 
Fisher’s exact two-sided test for significance were conducted to determine if there was a  260 
significant  association  between  Cryptosporidium,  Giardia  or  Eimeria  positive  lambs  261 
together with faeces in a non-pelleted form (FCS≥3) and with moderate to severe (scores  262 
≥ 3) breech fleece faecal soiling scores.   263 Page 13 of 38 
 
Correlation between transformed adjusted WECs and HCW, dressing percentage,  264 
live weight, growth rate, faecal DM% and FCS were analysed separately for each farm  265 
using linear regression with a Pearson one-tailed test for significance. Where significant  266 
correlations were identified, the difference across the WEC range observed was estimated  267 
using the linear regression function.   268 
  269 
3. Results  270 
3.1 Prevalence of protozoa, strongylid nematodes and Campylobacter jejuni    271 
Prevalences  of  Cryptosporidium  and  Giardia,  Eimeria  and  strongylid  nematodes  272 
have been previously reported (Sweeny et al., 2011b) and are summarised in Table 1.  273 
Cryptosporidium  and  Giardia  species/genotypes  are  presented  in  Table  2.  Overall  274 
strongylid  prevalences  were  100%  for  both  farms  flocks  (Table  1).  Cryptosporidium,  275 
Giardia,  Eimeria  and  patent  T.  circumcincta  and  Trichostrongylus  spp.  infections  were  276 
identified  on  both  Farm  A  and  B  at  all  five  sampling  occasions.  Patent  H.  contortus  277 
infections were not detected on either farm. Cryptosporidium point prevalence ranged from  278 
31.5 – 42.6% for Farm A and 18.5 – 42.0% for Farm B across the five sampling occasions.  279 
Giardia point prevalence ranged from 21.6 – 29.9% at Farm A and 20.3 – 29.4% at Farm B  280 
(Table 1). Campylobacter jejuni was detected in 0.9% (1/109, Farm A) and 0.8% (1/119,  281 
Farm B) of lamb faecal samples at slaughter, but was not detected in randomly selected  282 
faecal samples from either farm on any other sampling occasion (Table 1).  283 
3.2 Carcase attributes  284 
Detection of Cryptosporidium on at least one sampling occasion was associated  285 
with 1.25kg (6.6%) lower HCW for Farm A (P=0.029) and 1.65kg (11.0%) lower HCW for  286 
Farm B (P<0.001) (Table 3). Lambs positive for Cryptosporidium on two or more occasions  287 Page 14 of 38 
 
had  1.02kg  (5.4%)  and  1.4kg  (9.3%)  lower  HCW  compared  to  lambs  positive  for  288 
Cryptosporidium once or never at all for Farm A (P=0.015, F=6.10) and Farm B (P<0.001,  289 
F=17.43) respectively. There was a trend to 0.69kg (4.6%) lower HCW in lambs positive  290 
for Giardia on at least one sampling occasion for Farm B (P=0.065), but not for Farm A  291 
(Table 3).   292 
Detection of Cryptosporidium on at least one sampling occasion was associated  293 
with  1.7%  and  1.9%  lower  dressing  percentages  for  Farm  A  (P=0.022)  and  Farm  B  294 
(P<0.001)  respectively  (Table  3).  Lambs  positive  for  Cryptosporidium  on  two  or  more  295 
occasions  had  1.6%  lower  dressing  percentages  compared  to  lambs  positive  for  296 
Cryptosporidium once or never at all for both Farms A (P<0.001, F=8.93) and B (P<0.001,  297 
F=12.12). Detection of  Giardia on at least one sampling occasion was associated with  298 
1.7% lower dressing percentages on Farm  B (P<0.001), but not on Farm A (Table 4).  299 
Lambs positive for both Cryptosporidium and Giardia on more than one sampling occasion  300 
had 1.9% lower dressing percentages (37.5% ± 0.6) compared to lambs never positive for  301 
both  protozoa  or  positive  for  both  on  only  one  occasion  (39.4%  ±  0.5%)  for  Farm  B  302 
(P<0.001, F=11.84).   303 
Lambs positive for Giardia on four sampling occasions had lower GR fat depth (2.86  304 
±  0.84mm)  compared  to  lambs  in  which  Giardia  was  never  detected  (4.48  ±  0.34mm;  305 
P=0.049).  Detection  of  Cryptosporidium  or  Giardia  on  at  least  one  occasion  was  not  306 
associated with different GR fat depth for Farm B. No GR fat depth measurements were  307 
recorded for lambs from Farm A.    308 
Lambs positive for both Cryptosporidium and Giardia at least once out of the five  309 
samplings  had  significantly  lighter  HCWs  by  1.6kg  (10.7%)  compared  to  lambs  never  310 
positive for both Cryptosporidium and Giardia on Farm B only (P=0.001) (Table 3 and 7).  311 
Dressing percentages were 1.9% (P<0.001) and 1.1% (P=0.056) lower in lambs positive  312 Page 15 of 38 
 
for both Cryptosporidium and Giardia on at least one of the five samplings, compared to  313 
lambs never testing positive to both protozoa for Farm A and B respectively (Table 3 and  314 
7).   315 
There were no significant associations between carcase attributes (HCW, dressing  316 
% or GR fat depth) and adjusted WEC or Eimeria for either Farm A or B.   317 
3.3 Live weight and growth rate  318 
Detection  of  Cryptosporidium  or  Giardia  was  associated  with  adverse  319 
consequences for live weight and growth rate, but these observations were not consistent  320 
across  sampling  occasions,  farms  and  protozoa  genera.  In  the  unweaned  lambs,  the  321 
average liveweight change (percentage of starting live weight) between the first marking  322 
sampling  and  the  second  sampling  was  0.23%/day  lower  in  Cryptosporidium-positive  323 
lambs compared to Cryptosporidium-negative lambs for both Farm A (P=0.041) and Farm  324 
B (P=0.037). This reflected a 23g/day difference in growth rate over this period for a lamb  325 
weighing  10kg  at  marking.  Average  growth  rate  (g/day)  was  38g/day  lower  in  326 
Cryptosporidium-positive lambs compared to Cryptosporidium-negative lambs between the  327 
first marking sampling and the second sampling on Farm A (P<0.001) but not Farm B. On  328 
Farm B, detection of Cryptosporidium on the sampling occasion either immediately before  329 
(third sampling) or after weaning (fourth sampling) was associated with  0.16%/day lower  330 
growth  rate  compared  with  lambs  negative  for  Cryptosporidium  at  these  occasions  331 
(P=0.049). This difference reflected a 20.6g/day difference in growth rate for a 33kg lamb  332 
(weaning weight) over this period.   333 
Lambs positive for both Cryptosporidium and Giardia (37.32 ± 1.15kg) were lighter  334 
than lambs positive for Giardia only (44.53 ± 2.19kg) on the final (slaughter) sampling for  335 
Farm B (P=0.013).   336 Page 16 of 38 
 
No  other  significant  effects  of  protozoa  on  live  weight  and  growth  rate  were  337 
observed.   338 
There  was  no  significant  correlation  between  adjusted  WEC  and  live  weight  or  339 
growth rate on any of the sampling occasions for both farms. There was no difference in  340 
the  live  weight  or  growth  rate  of  lambs  that  were  strongylid-positive  compared  to  341 
strongylid-negative lambs on any sampling at either farm.   342 
3.4 Body condition score  343 
Detection of protozoa was associated with lower BCS, but this was not consistent  344 
across sampling occasions, farms and protozoa genera. Cryptosporidium-positive lambs  345 
had 0.42 lower BCS at the fourth sampling for Farm A (2.70 ± 0.08 versus 3.12 ± 0.06;  346 
P=0.011, F=4.67) and a trend towards 0.41 lower BCS at the final sampling for Farm B  347 
(2.43  ±  0.07  versus  2.84  ±  0.06;  P=0.072,  F=3.31)  compared  with  Cryptosporidium- 348 
negative lambs. Giardia-positive lambs had 0.26 lower BCS on the final sampling for Farm  349 
B (2.50 ± 0.09 versus 2.76 ± 0.06; P=0.039, F=4.35). Lambs positive for Cryptosporidium,  350 
Giardia and Eimeria (mixed infection) had 1.09 and 0.88 lower BCS than lambs negative  351 
for all three protozoa at the fourth sampling for Farm A (P=0.002) and final sampling for  352 
Farm B (P=0.022) respectively.   353 
No  other  association  between  BCS  and  detection  of  Cryptosporidium,  Giardia,  354 
Eimeria or adjusted WEC were identified on any other sampling occasion for either farm.   355 
3.5 Faecal consistency and dry matter  356 
Protozoa detection and increased WEC were associated with more loose, wetter  357 
faeces, but these findings were not consistent across parasite genera, sampling occasions  358 
or farms.   359 Page 17 of 38 
 
Unweaned Cryptosporidium-positive lambs were 4.7 (1.35 – 16.52, 95% CI) times  360 
and  3.8  (1.62  –  9.09)  times  more  likely  to  have  non-pelleted  faeces  (FCS  ≥3.0)  than  361 
Cryptosporidium-negative lambs at the second sampling for Farm A (P=0.002) and Farm B  362 
(P=0.006), respectively. Also, unweaned Cryptosporidium-positive lambs were 3.1 (1.36 –  363 
7.18) times more likely to have non-pelleted faeces than Cryptosporidium-negative lambs  364 
at the third sampling for Farm B (P=0.006). There was a trend to 0.75 higher FCS in lambs  365 
in which C. ubiquitum was isolated compared to lambs in which other  Cryptosporidium  366 
species were detected (P=0.092, F=2.24). Giardia-positive lambs were 3.1 (1.26 – 6.83)  367 
times more likely to have non-pelleted faeces than lambs Giardia-negative lambs at the  368 
final  sampling  for  Farm  A  (P=0.042).  Lambs  positive  for  G.  duodenalis  assemblage  A  369 
(either as a single infection or in combination with assemblage E) had 1.0  – 1.5 higher  370 
FCS than lambs positive for Assemblage E only at the second, third and final sampling  371 
occasions for Farm B (P<0.001). Eimeria-positive lambs were 3.6 (1.48 – 8.56) times more  372 
likely to have non-pelleted faeces than Eimeria-negative lambs at the third sampling for  373 
Farm B (P=0.003). Lambs positive for both Cryptosporidium and Eimeria had higher FCS  374 
(2.78 ± 0.22) than lambs negative for both parasites (1.76 ± 0.12) at the third sampling for  375 
Farm B (P<0.001).  376 
Adjusted WECs were positively correlated with FCS at the first (Farm A), second  377 
(Farm A and Farm B), third (Farm B), fourth (Farm A and Farm B) and final (Farm A and  378 
Farm B) sampling occasions (Table 6). Where significant correlations were observed, the  379 
R
2 ranged from 0.08 to 0.36 (Table 6). The largest change in FCS across the adjusted  380 
WEC range observed was a FCS increase from 1.2  – 4.0 (P<0.001, R
2=0.36) over the  381 
adjusted WEC range 0 – 4000 epg observed on the final sampling for Farm A.   382 
Adjusted WEC was negatively correlated with faecal DM% at the second sampling  383 
for both Farm A (P=0.014, R
2=0.13) and Farm B (P=0.021, R
2=0.16), third sampling for  384 Page 18 of 38 
 
Farm B only (P=0.024, R2=0.12) and final sampling for Farm A only (P=0.026, R
2=0.19).  385 
The largest change in faecal DM%  was 18% (40  – 22%) (P=0.026, R
2=0.19) over the  386 
adjusted WEC range 0 – 4000epg observed on the final sampling for Farm A.   387 
3.6 Breech fleece faecal soiling   388 
Protozoa detection and increased WEC were associated with higher breech fleece  389 
faecal soiling scores, but these findings were not consistent across sampling occasions,  390 
farms and protozoa genera.   391 
Unweaned Cryptosporidium-positive lambs were 3.4 (1.41 – 6.98) times and 3.6  392 
(1.44 – 7.27) times more likely to have moderate or severe breech fleece faecal soiling  393 
(score  of  3.0  or  higher)  than  Cryptosporidium-negative  lambs  on  the  second  sampling  394 
occasion for Farm A (P=0.026) and B (P=0.014), respectively. Weaned Cryptosporidium- 395 
positive lambs were 3.0 (1.27 – 6.07) times more likely to have moderate to severe breech  396 
fleece faecal soiling than Cryptosporidium-negative lambs on the fourth sampling occasion  397 
for Farm A (P=0.047). Lambs in which C. ubiquitum was isolated had approximately a 0.6  398 
higher breech fleece faecal soiling score than lambs from  which other  Cryptosporidium  399 
species were isolated (P=0.043, F=3.417).    400 
Significant positive correlations between adjusted WEC and breech fleece faecal  401 
soiling score were only identified in unweaned lambs on Farm A at the second sampling,  402 
where breech fleece faecal soiling score increased from 1.5 – 3.1 over an adjusted WEC  403 
range 0 – 3950 epg (R
2=0.14, P=<0.001). A similar correlation on Farm A at the  third  404 
sampling was found, where breech fleece faecal soiling score increased from 1.5  – 3.1  405 
over an adjusted WEC range 0 – 1100 epg (R
2=0.11, P<0.001).   406 
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This study identified reduced carcase productivity for lambs that tested positive at  408 
least  once  for  Cryptosporidium  or  Giardia  between  marking  (2  –  6  weeks  old)  and  409 
slaughter (7 – 8 months). Reduced HCWs and dressing percentages were associated with  410 
Cryptosporidium  on  both  farms  and  Giardia  on  one  farm.  Both  HCW  and  dressing  411 
percentage  are  important  profit  drivers  for  sheep  meat  producers  and  processors,  412 
therefore these findings are of importance to the sheep meat industry and also potentially  413 
other  livestock  industries  in  which  Cryptosporidium  and  Giardia  infections  have  been  414 
identified.  Reduced live  weight,  growth  weight,  body  condition,  more  loose  faeces  and  415 
greater breech fleece faecal soiling were also observed in lambs which tested positive for  416 
Cryptosporidium and Giardia, but these associations were inconsistent across sampling  417 
occasions, farms and parasites investigated in this study. However, recent studies suggest  418 
that live  weight  and liveweight  change  may  underestimate  the  impact  of  parasitism  on  419 
carcase productivity in sheep challenged with strongylid nematode larvae and therefore  420 
HCW may be a more appropriate measure in determining the true economic impact of  421 
parasitism in sheep meat enterprises (Liu et al., 2005; Jacobson et al., 2009b). Although  422 
parasitism may have significant effects upon production, it is important to emphasise that  423 
other  important  factors  (including  genetics  and  nutrition)  impact  strongly  on  lamb  424 
productivity (Abbott et al., 1986; Bown et al., 1991; Coop and Sykes, 2002; Kahn et al.,  425 
2003; Liu et al., 2005; Louvandini et al., 2006; Houdijk, 2008).  426 
This is the first study reporting associations between lamb production attributes and  427 
naturally  acquired  Cryptosporidium  and Giardia  in  lambs  grazing  pastures in  extensive  428 
broad-acre environments. Associations between these protozoa and animal performance  429 
have been studied in laboratory animals, feedlot steers and surgically infected, barn-raised  430 
lambs  (Olson  et  al.,  1995;  Ralston  et  al.,  2003).  There  are  few  reports  of  the  431 
consequences of protozoa infections on carcase attributes in livestock. Olson et al. (1995)  432 
observed  reduced  feed  conversion  efficiency  and  a  1.3kg  (6.1%)  reduction  in  carcase  433 Page 20 of 38 
 
weight  for  specific  pathogen  free,  barn-raised  lambs  that  were  surgically  infected  with  434 
Giardia trophozoites, suggesting that malabsorption and maldigestion contributed towards  435 
reduced  energy  available  for  growth  of  the  lambs.  Feed  intake  and  feed  conversion  436 
efficiency were not measured in this present study.  437 
Protozoa have been reported to cause inflammatory changes in the gastrointestinal  438 
tract (Buret et al., 2002; Scott et al., 2002; Buret et al., 2003). Other studies have observed  439 
heavier intestinal weight (as a proportion of their live weight) in sheep challenged with  440 
strongylid  nematode  larvae  (Liu  et  al.,  2005;  Jacobson  et  al.,  2009b),  suggesting  that  441 
measurement of live weight may underestimate the carcase productivity consequences  442 
associated with parasite infections. Other factors that may impact dressing percentages  443 
include time off feed, gender, breed, time of weaning, weight of skins and wool length of  444 
lambs (Makarechian et al., 1978; Arnold and Meyer, 1988), all of which were consistent  445 
within the two flocks in this study.  446 
Giardia infection has been associated with reduced feed intake in steers (Ralston et  447 
al., 2003), although a number of studies failed to identify any association between Giardia  448 
or Cryptosporidium with live weight in cattle (Ralston et al., 2003; Geurden et al., 2006;  449 
Castro-Hermida et al., 2007; Geurden et al., 2010).   450 
Clinical disease signs associated with protozoa infections (poor weight gain and  451 
diarrhoea) are most commonly described in young naive (ï) livestock (Xiao, 1994; Olson et  452 
al., 1995; Nydam et al., 2001; Olson et al., 2004). In the present study, average growth  453 
rate between the first marking sampling and the second sampling was lower in unweaned  454 
lambs which tested positive for Cryptosporidium.    455 
Lambs on both farms positive for Cryptosporidium on the first marking sampling and  456 
the second sampling, had lighter live weights when compared to uninfected lambs (Table  457 
4).  Other  factors  which  have impacts  on live  weight  measurements,  include lamb  feed  458 Page 21 of 38 
 
intake, gut fill, time off feed (Thompson et al., 1987; Warriss et al., 1987) and whether  459 
lambs were single or twin born (Kenyon et al., 2004; Corner et al., 2006; 2007; Hatcher et  460 
al., 2009). Lamb birth type (single or twin) was not recorded in the present study. Clinical  461 
signs of these protozoan infections (poor weight gain and diarrhoea) have been stated to  462 
be most common in young, ï livestock when infected with these protozoa  (Xiao, 1994;  463 
Olson  et  al.,  1995;  Nydam  et  al.,  2001;  Olson  et  al.,  2004)  and  this  is  possibly  why  464 
significant impacts on live weight and growth rate were observed across the first marking  465 
sampling and the second sampling (lambs less than 2 months of age).  466 
Diarrhoea is a common clinical sign associated with Cryptosporidium and Giardia  467 
infections  in  livestock,  with  other  signs  including  poor  performance,  dehydration  and  468 
abdominal pain (Olson et al., 1995; Fayer et al., 2000; Ryan et al., 2005; Aloisio et al.,  469 
2006; Ozdal et al., 2009). Diarrhoea in sheep has been ascribed to many factors and is a  470 
multi-factorial condition caused by intestinal parasites, bacterial or viral pathogens, fungal  471 
endophytes, dietary composition and water absorption (Morley et al., 1976; Mitchell and  472 
Linklater, 1983; Taylor et al., 1993; Larsen et al., 1994; Eerens et al., 1998; Jacobson et  473 
al., 2009a). In the present study, there were significant associations observed between  474 
FCS and detection of Cryptosporidium in young lambs (2 months of age) at the second  475 
sampling and Cryptosporidium-positive lambs were 2.2 to 3.8 times more likely to have  476 
FCSs in non-pellet form. This reinforces the belief that young, ï lambs are more prone to  477 
suffer from diarrhoea associated with protozoa infection. Giardia-positive lambs on Farm A  478 
were 3.1 times more likely to have non-pelleted faeces on the final sampling, although this  479 
sampling  occured  after  mustering,  handling  and  transport  of  lambs  into  lairage  (pre- 480 
slaughter  holding  pens  at  the  abattoir),  and  diarrhoea  is  typically  one  clinical  sign  481 
associated with the elevated stress levels observed in lairage environments (Warriss et al.,  482 
1989; Grandin, 1997; Hall et al., 1999; Sotiraki et al., 1999; Fisher et al., 2010). Noticeably  483 
on both farms, there were only significant associations between the species/genotype of  484 Page 22 of 38 
 
Cryptosporidium or Giardia with faecal attributes (FCS and breech fleece faecal soiling  485 
score). Lambs positive for C. ubiquitum or Giardia duodenalis assemblage A or A and E,  486 
had  higher  FCSs  and  further  research  is  warranted  to  determine  if  species/genotype  487 
effects are significantly associated with production consequences.  488 
Strongylid  nematodes  are  the  major  internal  parasites  challenging  sheep  489 
productivity  and  welfare  worldwide  and  are  the  most  common  cause  identified  for  490 
diarrhoea  outbreaks  in  lambs  less  than  12  months  old  (Mitchell  and  Linklater,  1983;  491 
Sargison, 2004; Broughan and Wall, 2007). Strongylid nematodes have been associated  492 
with reduced live weights and growth rates (Dargie and Allonby, 1975; Datta et al., 1999;  493 
Macchi et al., 2001; Sykes and Greer, 2003; Greer, 2008; Sutherland et al., 2010; Sweeny  494 
et  al.,  2011a),  reduced  carcase  weights  (Coop  et  al.,  1986;  Sutherland  et  al.,  2010),  495 
reduced bone growth (Sykes et al., 1977; Coop et al., 1981) and mortalities (Dargie and  496 
Allonby, 1975). In the present study, lambs on each farm were grazed as a single flock on  497 
pastures that were contaminated with strongylid nematode larvae. All lambs on both farms  498 
were  naturally  exposed  to  strongylid  larvae  and  consequently  it  was  not  possible  to  499 
quantify  the  effect  of  larval  challenge  on  growth  rate,  faecal  consistency  or  carcase  500 
productivity. There was no correlation observed between adjusted WEC with any carcase  501 
productivity, growth rate or live weight attributes, but higher WECs were associated with  502 
increased FCS, reduced faecal DM% and increased breech fleece faecal soiling score at  503 
several  sampling  occasions.  This  was  consistent  with  other  studies  demonstrating  the  504 
challenge with T. circumcincta and T. colubriformis impacted faecal consistency (Larsen  505 
and Anderson, 2000; Williams et al., 2010) and poor correlations of WEC with live weight  506 
and growth rate within flocks challenged with strongylid larvae (Eady et al., 1998; Coop  507 
and Kyriazakis, 1999; Safari and Fogarty, 2003).  508 Page 23 of 38 
 
If impacts on carcase productivity and faecal attributes are consistent findings in  509 
grazing  lambs,  possible  future  research  directions  may  include  strategic  targeted  510 
treatments or early vaccination of the lambs. Treatment of extensively managed lambs is  511 
problematic  because  repeated  treatments  are  required  and  re-infection  with  512 
Cryptosporidium  and  Giardia  (oo)cysts  from  the  pasture  environment  (soil,  vegetation,  513 
faeces) is likely, because (oo)cysts are capable of surviving for extended periods in the  514 
faecal, soil or water environments (Robertson et al., 1992; Fayer et al., 1996; Carey et al.,  515 
2004).  Recent  studies  in  young  lambs  and  goat  kids  (approximately  2  weeks  of  age)  516 
showed that chemical treatments for cryptosporidiosis had no effect on live weight gain,  517 
only significantly reducing the incidence of diarrhoea and oocyst output  (Giadinis et al.,  518 
2007; 2008). However a study in housed Holstein calves, that were orally infected with  519 
Giardia  trophozoites  (two  groups  of  14),  showed  the  group  of  calves  that  received  a  520 
fenbendazole  treatment  had  increased  final  live  weights  and  increase  growth  rates,  521 
compared to untreated calves (Geurden et al., 2010).  522 
Also worthy of note is that C. jejuni was isolated by PCR in less than 1% of lambs at  523 
slaughter in both flocks. Other studies have reported high prevalences of C. jejuni detected  524 
in sheep faecal samples and also in their fleeces and carcases (Gill et al., 1998a; 1998b;  525 
Woldemariam et al., 2005; Garcia et al., 2010). Campylobacter jejuni is the leading cause  526 
of bacterial gastroenteritis in humans, whereby meat products are commonly assumed to  527 
be the original source (Olson et al., 2008; Ogden et al., 2009). Hence finding low point  528 
prevalences in lambs at slaughter, suggests that carcasses originating from these flocks  529 
represented  a  low  risk  for  Campylobacter-related  food  poising  to  consumers.  Further  530 
investigation  is  warranted  to  determine  their  prevalence  and  associations  with  lamb  531 
productivity, whilst examining possible sources of contamination.  532 
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Cryptosporidium  and  Giardia  have  been  reported  in  sheep  raised  both  under  534 
extensive conditions (grazing pastures at low-moderate stocking densities) and intensive  535 
conditions  (housed),  but  the  productivity  consequences  of  infection  on  sheep  meat  536 
production have not been well described. This study identified negative consequences for  537 
important carcase profit indicators (carcass weight and dressing percentage) associated  538 
with the identification of Cryptosporidium detection (both Farm A and Farm B) and Giardia  539 
(Farm B only). Associations were also identified between these protozoa and reduced live  540 
weight and more loose faeces (diarrhoea) in lambs, but not at all sampling occasions. The  541 
quantifiable differences observed between lambs which tested either positive or negative  542 
for these protozoa, supports claims in other studies that these parasites limit productivity of  543 
small ruminants (Aloisio et al., 2006). Further investigation into the consequences between  544 
strongylid  nematode  and  protozoa  interactions  on  lamb  production  will  need  to  be  545 
examined  to  determine  the  relative  importance  of  these  parasites.  If  protozoa  are  546 
consistently found to be significantly impacting on productivity performances in a variety of  547 
different ruminant  models,  then  further  research  is  needed  to  determine if  vaccines  or  548 
prophylactic  treatments  would  be  cost-effective  for  livestock  enterprises  to  reduce  549 
production losses attributable to protozoa infections.  550 
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Table 1  898 
Number of lambs positive for Cryptosporidium, Giardia, Eimeria and Campylobacter jejuni  899 
pathogens, along with average worm egg counts (WECs) on the two farms.   900 
*= Not all samples had enough faecal material to conduct WEC at his sampling occasion.   901 
a = Faecal worm egg counts adjusted for faecal consistency.  902 
†= Indicates after this sampling occasion that lambs received an anthelmintic treatment.    903 
Lambs with a McMaster WEC≥50 epg were classified as strongylid positive. 904 
    Pre-weaning    Post-weaning   
Overall 
prevalence % 
(95% CI) 
Lamb age   
2-6 weeks  2 months  3-4 months  6-7 months  7-8 months 
(slaughter) 
Sampling occasion    1  2  3  4  5 
Farm A              
Lambs   111  109  108  109  107  - 
Cryptosporidium  35  40  46  29  39  81.3 (72.6, 88.2) 
Giardia   24  29  30  28  32  67.3 (57.5, 76.0) 
Cryptosporidium and Giardia   10  14  17  9  15  40.2 (30.8, 50.1) 
Eimeria   7/47*  18  41  16  13  58.9 (49.0, 68.3) 
Campylobacter jejuni   0/20  0/20  0/20  0/20  1/107  - 
Strongylid positive   14/47*  102
 †  56  77  99  100.0 (96.6, 100.0) 
Average WEC ± S.E.M. (epg)  29 ± 10*  446 ± 45
 †  73 ± 13  432 ± 42  830 ± 53  - 
Adjusted average WEC 
a ± 
S.E.M. (epg) 
32 ± 11*  552 ± 59
 †  89 ± 18  609 ± 61  1164 ± 101  - 
Farm B             
Lambs   124  123  123  122  119  - 
Cryptosporidium   23  36  48  41  50  71.4 (62.4, 79.3) 
Giardia   29  25  32  34  35  60.5 (51.1, 69.3) 
Cryptosporidium and Giardia   8  7  17  17  22  34.5 (26.0, 43.7) 
Eimeria   7/41*  24  62  16  16  71.4 (62.4, 79.3) 
Campylobacter jejuni   0/20  0/20  0/20  0/20  1/119  - 
Strongylid positive  14/41*  74
 †  102  62  83  100.0 (96.9, 100.0) 
Average WEC ± S.E.M. (epg)  27 ± 7*  87 ± 8  211 ± 18
 †  48 ± 7  110 ± 17  - 
Adjusted average WEC 
a ± 
S.E.M. (epg) 
29 ± 7*  118 ± 12  273 ± 22
 †  54 ± 8  167 ± 17  - Page 33 of 38 
 
Table 2  905 
Species and genotypes of Cryptosporidium, Giardia and strongylid nematodes in growing lambs on two Western Australian farms.  906 
    Farm A  Farm B 
    Pre-weaning  Post-weaning    Pre-weaning  Post-weaning   
Sheep age    2-6 weeks  2 months  3-4 months  6-7 months  7-9 months 
(lairage)  TOTAL  2-6 weeks  2 months  3-4 months  6-7 months  7-9 months 
(lairage)  TOTAL 
Day of study    0  39  80  194  199 or 240    0  42  73  181  188   
Cryptosporidium                               
C. parvum only  0   4   6  4   4   18  0   0   0  2  3  5 
C. xiaoi  only  17   27   36   22   32  134  13  25  37  34   42   151 
C. ubiquitum  only  13   7   2   1   1  24   3  7  2  1  1   14 
Sheep genotype I  0  0  0  0  0  0  2  0  2  1  1  6 
C. andersoni  only  0   0   0   0   0   0   0   0   2  1  1   4 
Mixed C. xiaoi + C. parvum  4   2   2   2   2   12  5  4  5   2  2   18 
Mixed C. ubiquitum + C. parvum  1   0   0   0   0   1  0  0  0  0  0  0 
Total  35  40  46  29  39  189  23  36  48  41  50  198 
Giardia                         
G.  duodenalis assemblage E  only  22  28  27   26   26  129  28  23   28   32   30   141  
G.  duodenalis assemblage A  only  2  1  1  1   4   9  1  1  2   1  2   7 
Mixed G. duodenalis assemblage A + E  0   0   2   1  2   5  0   1   2   1   3   7 
Total  24  29  30  28  32  143  29   25   32  34  35   155  
Adapted from Sweeny et al., (In Press). 907 Page 34 of 38 
 
Table 3  908 
Association between the detection of Cryptosporidium or Giardia at least once with hot  909 
carcase weight (HCW) and dressing percentage (%).  910 
  911 
  912 
  913 
  914 
  915 
  916 
  917 
  918 
  919 
Note: A total of 107 and 119 lambs were sampled at all five sampling occasions for Farm A and B respectively. 920 
Carcase attribute, parasite and 
farming property 
Carcase attributes (mean ± standard error)  
Protozoa-negative  Protozoa-positive  P-value  F-value 
Hot Carcase Weight (kg)         
Cryptosporidium         
Farm A  19.85 ± 0.49  18.60 ± 0.24  0.029  5.05 
Farm B  16.14 ± 0.33  14.49 ± 0.21  <0.001  13.85 
Giardia         
Farm A  19.35 ± 0.38  18.58 ± 0.26  0.101  2.74 
Farm B  15.42 ± 0.29  14.73 ± 0.24  0.063  3.53 
Cryptosporidium and Giardia         
Farm A  19.04 ± 0.28  18.47 ± 0.34  0.201  1.66 
Farm B  15.56 ± 0.21  13.98 ± 0.30  <0.001  18.67 
Dressing Percentage (%)         
Cryptosporidium         
Farm A  44.44 ± 0.66  42.72 ± 0.31  0.022  5.44 
Farm B  39.07 ± 0.45  37.21 ± 0.28  <0.001  12.68 
Giardia         
Farm A  43.70 ± 0.50  42.71 ± 0.34  0.104  2.69 
Farm B  38.74 ± 0.38  37.06 ± 0.31  <0.001  11.86 
Cryptosporidium and Giardia         
Farm A  43.52 ± 0.36  42.41 ± 0.44  0.056  3.73 
Farm B  38.40 ± 0.29  36.53 ± 0.40  <0.001  14.21 Page 35 of 38 
 
Table 4  921 
Association  between  Cryptosporidium,  Giardia  or  both  detection  frequencies  in  lamb  922 
faeces  collected  across  all  five  sampling  occasions  with  carcase  productivity  slaughter  923 
(mean ± standard error).  924 
ABCD Values in rows with different superscripts are significantly different (P<0.05).  925 
Note: A total of 107 and 119 lambs were sampled at all five sampling occasions for Farm A and B respectively. 926 
Carcase attribute, parasite and 
farming property 
Frequency of sampling occasions lambs tested positive for protozoa parasites (n) 
  0  1  2  3  4  5 
Hot Carcase Weight (kg)             
Cryptosporidium              
Farm A  19.85 ± 0.49
A  19.01 ± 0.30
AB  18.36 ± 0.45
B  18.44 ± 0.53
B  18.47 ± 0.66
B  15.50 ± 1.54
C 
Farm B  16.14 ± 0.33
A  15.32 ± 0.36
AB  14.51 ± 0.36
BD  13.68 ± 0.45
CD  14.54 ± 0.63
BD  14.94 ± 1.10
ABD 
Giardia             
Farm A  19.35 ± 0.38
AB  18.65 ± 0.39
ABC  19.43 ± 0.51
AB  17.91 ± 0.59
CD  16.81 ± 1.10
CD  17.99 ± 1.46
ABC 
Farm B  15.42 ± 0.29
A  14.92 ± 0.39
AB  14.81 ± 0.47
A  14.76 ± 0.48
BC  14.01 ± 0.72
BC  14.23 ± 0.73
AC 
Cryptosporidium and Giardia             
Farm A  19.05 ± 0.28
A  18.61 ± 0.44
A  18.58 ± 0.62
A  17.26 ± 1.13
A  -  - 
Farm B  15.56 ± 0.21
A  13.84 ± 0.42
B  13.92 ± 0.53
B  14.86 ± 0.80
AB  12.41 ± 1.89
AB  - 
Dressing percentage (%)             
Cryptosporidium              
Farm A  44.44 ± 0.66
A  43.38 ± 0.50
AB  42.02 ± 0.66
C  42.84 ± 0.70
BC  42.30 ± 0.88
BC  40.96 ± 1.84
BC 
Farm B  39.07 ± 0.45
A  37.94 ± 0.50
B  36.99 ± 0.50
B  36.81 ± 0.61
B  36.93 ± 0.87
B  36.70 ± 1.41
AB 
Giardia             
Farm A  43.70 ± 0.50
A  42.95 ± 0.52
AB  43.28 ± 0.67
AC  42.12 ± 0.78
BCD  40.17 ± 1.46
D  42.62 ± 1.81
ADC 
Farm B  38.74 ± 0.38
A  36.81 ± 0.49
B  37.20 ± 0.66
BCD  38.20 ± 0.31
AC  35.47 ± 0.66
BD  37.06 ± 0.81
BCD 
Cryptosporidium and Giardia             
Farm A  43.51 ± 0.37
A  42.29 ± 0.57
B  42.67 ± 0.81
AB  42.29 ± 1.47
AB  -  - 
Farm B  38.40 ± 0.29
AC  36.05 ± 0.56
B  36.56 ± 0.71
BC  38.42 ± 1.06
AC  34.44 ± 2.54
ABC  - 
Lambs (N)             
Cryptosporidium             
Farm A    20  33  24  17  11  2 
Farm B  33  28  27  19  9  3 
Giardia             
Farm A    36  32  19  14  4  2 
Farm B  45  27  19  18  8  2 
Cryptosporidium and Giardia             
Farm A    64  26  13  4  0  0 
Farm B  78  21  13  6  1  0 Page 36 of 38 
 
Table 5  927 
Association  between  detection  of  Cryptosporidium  or  Giardia  in  lamb  faeces  with  live  928 
weights at each of the five sampling occasions.   929 
  930 
  931 
  932 
  933 
  934 
  935 
  936 
  937 
  938 
  939 
  940 
  941 
  942 
  943 
  944 
  945 
Farming property and 
parasite 
Live weight (mean ± standard error)  
Protozoa-negative  Protozoa-positive  P-value  F-value 
Cryptosporidium         
Farm A         
Sampling 1   12.37 ± 0.41  11.09 ± 0.52  0.064  3.48 
Sampling 2   21.89 ± 0.37  19.79 ± 0.49  <0.001  11.43 
Sampling 3  30.69 ± 0.50  30.23 ± 0.58  0.548  0.36 
Sampling 4  41.54 ± 0.48  40.64 ± 0.62  0.471  0.52 
Sampling 5  43.98 ± 0.51  43.15 ± 0.67  0.330  0.96 
Farm B         
Sampling 1  15.87 ± 0.27  14.18 ± 0.57  0.008  7.23 
Sampling 2  28.96 ± 0.40  26.28 ± 0.61  0.003  8.91 
Sampling 3  33.79 ± 0.55  32.96 ± 0.69  0.350  0.88 
Sampling 4  39.39 ± 0.49  37.51 ± 0.69  0.029  4.91 
Sampling 5  42.07 ± 0.68  40.25 ± 0.76  0.088  2.95 
Giardia         
Farm A         
Sampling 1  11.88 ± 0.37  11.90 ± 0.77  0.971  0.01 
Sampling 2  20.96 ± 0.37  21.51 ± 0.62  0.462  0.54 
Sampling 3  30.59 ± 0.45  30.63 ± 0.72  0.707  0.15 
Sampling 4  41.97 ± 0.63  39.35 ± 0.91  0.036  4.50 
Sampling 5  43.80 ± 0.49  43.40 ± 0.75  0.655  0.20 
Farm B         
Sampling 1  16.01 ± 0.41  17.19 ± 0.84  0.219  1.56 
Sampling 2  27.47 ± 0.38  28.41 ± 0.75  0.376  0.79 
Sampling 3  33.69 ± 0.38  32.81 ± 0.75  0.371  0.81 
Sampling 4  39.45 ± 0.45  37.94 ± 0.71  0.070  3.29 
Sampling 5  40.07 ± 0.46  38.93 ± 0.72  0.188  1.75 Page 37 of 38 
 
 Table 6  946 
Risk of non-pelleted faeces (faecal consistency score ≥ 3.0) in sheep positive for protozoa  947 
parasites and correlation between adjusted worm egg count (WEC) and faecal consistency  948 
score (FCS).  949 
  Odds ratio for faecal consistency score ≥3.0 (95% CI) with respective p-value  Adjusted WEC and FCS regression 
Cryptosporidium  Giardia  Eimeria     
 
  Odds ratio  P-value  Odds ratio  P-value  Odds ratio  P-value  Correlation  P-value  R
2 
Farm A                   
Sampling 1  0.71 (0.62 – 2.15)  0.495*  0.78 (0.70 – 2.89)  0.598*  0.85 (0.75 – 1.44)  0.672*  Positive  0.011  0.246 
Sampling 2  4.72 (1.35 – 16.52)  0.010  1.88 (0.56 – 6.28)  0.303  1.62 (0.40 – 6.59)  0.497  Positive  <0.001  0.193 
Sampling 3  2.18 (0.76 – 6.23)  0.140  1.52 (0.51 – 4.57)  0.451  1.56 (0.55 – 4.44)  0.400  -  0.391  0.051 
Sampling 4  0.88 (0.38 – 2.05)  0.762  0.97 (0.41 – 2.30)  0.945  1.50 (0.50 – 4.46)  0.467  Positive  0.031  0.113 
Sampling 5  1.47 (0.66 – 3.28)  0.340  3.08 (1.26 – 6.83)  0.042  0.92 (0.28 – 3.03)  0.892  Positive  <0.001  0.355 
Farm B                 
Sampling 1  4.55 (0.27 – 75.00)  0.338*  3.36 (0.20 – 55.41)  0.415*  2.94 (0.25 – 15.94)  0.641*  -  0.663  0.114 
Sampling 2  3.84 (1.62 – 9.09)  0.002  1.20 (0.45 – 3.22)  0.718  1.06 (0.38 – 2.98)  0.914  Positive  <0.001  0.182 
Sampling 3  3.13 (1.36 – 7.18)  0.006  0.74 (0.28 – 1.92)  0.535  3.56 (1.48 – 8.56)  0.003  Positive  <0.001  0.245 
Sampling 4  0.56 (0.15 – 2.16)  0.395  1.17 (0.35 – 4.09)  0.805  0.52 (0.06 – 4.31)  0.540  Positive  0.036  0.084 
Sampling 5  1.49 (0.60 – 3.68)  0.387  0.73 (0.29 – 1.85)  0.510  4.86 (0.60 – 38.24)  0.105  Positive  0.067  0.055 
* = Fisher’s exact test. 950 Page 38 of 38 
 
Table 7  951 
General  linear  model  analysis  of  significant  (P<0.100)  interactions  identified  between  952 
Cryptosporidium, Giardia, and Eimeria for different production and faecal attributes.  953 
 Note: These are the only production or faecal attributes in lambs were significant interactions between the above parasites were  954 
observed.  955 
Farming property and production or faecal 
attributes 
General Linear Model significance (P value) 
WEC 
covariate 
C  G  E  CxG  CxE  GxE  CxGxE 
Farm A                 
Dressing  percentage  -  0.022  -  -  0.056  -  -  - 
Sampling 4 Live weight (kg)  -  -  0.038  -  -  -  -  0.048 
Sampling 4 BCS  -  0.011  -  -  -  -  -  0.003 
Sampling 3 BCS  -  -  -  -  0.084  -  -  - 
Sampling 3 Breech fleece soiling score  <0.001  -  -  -  -  0.048  -  - 
Farm B                 
HCW  -  0.029  0.063  -  0.001  -  -  - 
Dressing  percentage  -  <0.001  <0.001  -  <0.001  -  -  - 
Multiple infections on Dressing percentage  -  0.041  -  -  0.014  -  -  0.011 
Multiple infections on GR FAT (mm)  -  -  -  -  -  -  -  0.085 
Sampling 5 Live weight (kg)  -  0.088  -  -  0.009  -  -  - 
Sampling 3 Live weight (kg)  -  -  -  -  -  0.011  -  - 
Sampling 2 Live weight (kg)  -  0.003  -  -  0.043  -  -  - 
Sampling 5 BCS  -  0.072  0.039  -  -  -  -  0.039 
Sampling 4  Breech fleece soiling score  -  -  -  -  -  -  0.078  - 
Sampling 3 Faecal consistency score  <0.001  0.006  -  0.062  -  0.030  -  - 